Recently, the worldwide supply of rare earth element (REE) resources will be severely restricted. On the other hand, coal fly ash particles emitted from coal-fired electric power plants contain relatively high concentrations of REEs. The contents of REEs in coal fly ash are regularly several hundreds of ppmw. In order to extract and recover REEs from coal fly ash particles, as a first step, we have investigated their dissolution behavior in a dilute H 2 SO 4 solvent. The REE content of coal fly ash specimens has been precisely determined, and their presence in the ash component of the original coal and their enrichment in coal fly ash particles during coal combustion have been suggested. REEs in coal fly ash dissolve gradually in H 2 SO 4 over time, and this implies two types of occurrences of the REEs in coal fly ash particles. By applying the unreacted core model to the dissolution behavior of REEs in a H 2 SO 4 solvent, we can explain both types of occurrences.
Introduction
Currently, electricity generated from coal combustion accounts for around 25% of the total power generation in Japan. Since the energy supply, including electricity, is heavily dependent on imported resources, coal occupies an important position in Japan's electricity generation. Since a reduction in the proportion of electricity generated by nuclear power stations is unavoidable, owing to the disaster at the Fukushima Daiichi nuclear power stations, the utilization of coal-fired thermal electric power stations will become more important.
However, coal-fired power plants are recognized as an emission source of regulated substances such as coal ash; this is a hazardous industrial waste emitted from power plants, and in Japan, 10 Mt of coal ash is emitted per year [1] . Coal fly ash accounts for around 85% -95% of the total coal ash emission [2] and has been widely recycled and used mainly as a raw material of fly ash cement in order to minimize landfill and to comply with the Basic Act for the Promotion of the Recycling-Oriented Society, enforced since 2000 [3] .
Coal fly ash contains various trace elements [4] , some of which are recognized to be hazardous. The hazardous inorganic substances include arsenic, boron, cadmium, fluorine, hexavalent chromium, mercury, lead, and selenium; their contents and the elution concentrations are strictly regulated by the Environmental Basic Act and its corresponding legislation [5, 6] . Hence, the reduction of the hazardous components eluted from coal fly ash particles is necessary for their recycling. For this purpose, we have developed an acidwashing process [7] [8] [9] . The aim of this process is to remove the above-mentioned soluble regulated substances, focused on in our previous studies, from coal fly ash by dissolving them in an acid solvent. We showed that their dissolution, adsorption, and re-elution behavior depends strongly on the pH of the acid solutions and were successful in decreasing elution concentrations below regulatory limits.
In recent years, rare earth elements (REEs) have been recognized as important materials since they are widely utilized in the production of magnets, fluorescent materials, laser crystals, etc. [10] . Since Japan has been the largest consumer of REE products, exploration into alternative supply routes is important for resource security.
REEs. For example, NIST SRM 1633b and IRANT EOP, which are the standard reference materials for coal fly ash, contain 420 mg·kg −1 and 806 mg·kg −1 of REEs, respectively. Although these values are lower than those in ion-adsorbed type ore, they are equivalent to monaziteor bastnaesite-type ore [11] .
REEs are known to be soluble in an acidic solvent. Figure 1 shows the Pourbaix diagram for europium, as a typical example of a REE. It is clear that europium is soluble in acid as Eu 3+ , implying that REEs may be recovered from coal fly ash particles. In this paper, we will discuss the dissolution behavior of REEs in dilute acidic solvents in order to examine the feasibility of REE recovery using an acid-washing process.
Materials and Methods

Coal Fly Ash Specimens Utilized in This Study
Three types of coal fly ash specimens, Ash-A, Ash-B, and IRANT EOP, have been used in this work, and their compositions are listed in Table 1 . Ash-A and Ash-B were provided by an electrical power company in Soma City, Fukushima Prefecture, Tohoku Region, Japan. As in the case of general coal fly ash [12] , these specimens mainly consist of quartz (SiO 2 ), mullite (3Al 2 O 3 ·2SiO 2 ), and amorphous solids. The average diameter of the ash specimens was several tens of micrometers. IRANT EOP was obtained as a standard reference material from the Institute of Radioecology and Applied Nuclear Techni- niques, Slovakia, and it has certified concentrations of lanthanum, cerium, and europium, and informative concentrations for scandium, samarium, terbium, ytterbium, lutetium (with expanded uncertainties), dysprosium, gadolinium, neodymium, praseodymium, and yttrium (without expanded uncertainties).
Reagents and Experimental Procedure
In order to determine the REE concentrations in Ash-A and Ash-B and to verify the accuracy of the measurements obtained by inductively coupled plasma mass spectrometry (ICP-MS), the REE concentrations in the specimens were determined by means of acid digestion. Around 0.1 g of each specimen was put into a Teflon beaker. Reagent grade concentrated hydrochloric acid (35 wt%), nitric acid (60 wt%), and hydrofluoric acid (48 wt%), 10 ml each, were added. Two solutions were prepared for each ash specimen. They were then heated at 200˚C for 6 h on a hot plate. After air-cooling, 10 mL of H 2 SO 4 (95 wt%) were added and heated again to remove any fluorine, originating from the hydrofluoric acid, by vaporization of SiF 4 (g). After confirming the generation of H 2 SO 4 fumes, indicating the complete vaporization of the fluorine content, they were again air-cooled. At this time, white residual dross, which may be CaSO 4 , was observed in the solutions of Ash-B. The solutions were moved to 100 mL volumetric flasks, and at this point, the residual dross in the solutions had completely dissolved. After complete digestion, with the dissolution of the white residual dross visually confirmed, the solutions were prepared for measurement with inductively coupled plasma-mass spectrometry (ICP-MS; HP4500, Agilent) using an internal standard technique involving the addition of 0.2 mg·L −1 of rhenium. The equipment for the dissolution test comprised a Pyrex beaker, a magnetic stirrer, a heater with a stirring magnet, electrodes that were used to monitor the pH, redox potential, and temperature of the solutions, and a laptop computer. Five grams of each coal fly ash specimen were agitated with 500 mL of the H 2 SO 4 solvent, which was diluted at 10 times using ultrapure water. The solutions were agitated at 30˚C, 60˚C, and 80˚C for 2 h. During agitation, the solutions were periodically sampled at 5, 10, 30, 60, and 120 min. The sampling of the solutions was conducted using a 10 mL macropipette. The aliquot was then filtered within 30 s, and 5 mL of each filtrate was diluted to 50 mL in a volumetric flask. ICP-MS measurements were then conducted for the solutions with the rhenium internal standard described earlier.
 
the REE concentrations in coal fly ash determined using the acid-digestion method with hydrofluoric acid and subsequent ICP-MS measurement is considered to be adequate, and results for Ash-A and Ash-B are shown in Table 3 .
The calibration line for the measured REEs was prepared in the range of 1 -1000 µg L-1. The variance of all calibration lines is 1.00. The values of the REE concentrations are expressed as the mean value ± (2 × standard deviation). Since the true values of the REE concentrations are unknown, the recovery rate was calculated using averaged values as shown in Equation (1).
The Dissolution Behavior of REEs in Coal
Fly Ash Specimens
Recovery rate
Determined mean value in mg kg 100
Certified mean value in mg kg
As typical examples, the dissolution behaviors of lanthanum, cerium, europium, and samarium in a dilute H 2 SO 4 solvent are displayed in Figure 2 . The dissolution rate was calculated by (dissolved mass of X in µg × 100/ content of X in µg), where the content of X was determined in the previous section. During the dissolution test, the values of the pH and redox potential for each solution were kept below 0 and above 800 mV (vs the standard hydrogen electrode (SHE)), respectively. The dissolution rates are seen to increase when the temperature of the H 2 SO 4 solution increases, and the dissolution rates of Ash-B are higher than those of Ash-A. The other REEs, i.e., cerium, scandium, yttrium, praseodymium, neodymium, samarium, gadolinium, europium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium
The range of the calculated recovery rates are 92% -118% for La, Ce, and Eu, for which IRANT EOP has certified values, and 72% -133% for Sc, Sm, Tb, Yb, Lu, Y, Pr, Nd, Gd, and Dy, for which IRANT EOP has informative values. Iwata et al. [13] also determined REE components in the coal fly ash referenced standard material, NIST 1633b. Their recovery values were 48% -123% for informative values, and 76% -83% by comparison with the literature [14, 15] . From this, the measured values of REE concentrations were considered to be reasonably well determined. The accuracy of show dissolution behavior quite similar to lanthanum shown in Figure 2 .
Discussions
The Probability of Surface Deposition of REEs
The distribution of lanthanides in rocks or ores are known to follow the Oddo-Harkins rule; i.e., that atoms with even atomic numbers are more stable than those with odd numbers because their nuclei are more tightly bound. Figure 3 shows the lanthanide contents in three coal fly ash specimens, and they completely conform to this rule since the lanthanides with even atomic numbers are always more abundant than neighboring lanthanides with odd atomic numbers. In Figure 4 , Masuda-Coryell plots [16, 17] are shown for the REEs in the three coal fly ash specimens used in this study and the REEs in the original coal, for which the contents are taken from Fujita and Arikawa [18] . The relative abundances of the REEs were normalized with the REE contents in CI Chondrite [19] . In all plots, negative europium anomalies, derived from the progress of differentiation and found in various natural rocks, were clearly observed. The trends observed in the plots suggest that the REEs are distributed in the ash components of the original coal and then transferred into coal fly ash particles. Though we cannot directly compare the values of the relative abundances in coal and in the coal fly ash specimens plotted in Figure 4 , the relative abundances of REEs in coal fly ash specimens are around 10 times those of REES in the original coals, suggesting that the coal fly ash particles are enriched with most of the REE content because after combustion, the weight of the coal fly ash is usually about one tenth of that of the original coal.
Two routes of the transition of REEs from the original coal to the coal fly ash particles can be considered. The first is widely known as a "vaporization surface-deposition process" [20, 21] . Trace elements in the original coals, i.e., the semivolatile compounds [22] [23] [24] , are vaporized from the original coal during combustion. After the formation of coal fly ash particles, the vaporized elements are deposited onto the surface of these particles.
In order to investigate the probability of vaporization of REEs, thermodynamically stable compounds of REEs were considered using a thermodynamic equilibrium calculation performed using HSC Chemistry 5.1 [25] . In this calculation, europium was selected as a typical REE. Forty-three species, with carbon, hydrogen, oxygen, nitrogen, sulfur, chlorine, fluorine, and europium contents set to their typical values for coal combustion, i.e., 60, 30, 60, 220, 0.1, 0.01, 0.002, and 0.00003 mol, respectively, were selected [26, 27] . The ash components were ignored in order to focus on the vaporization behavior of europium and simplify the calculation. The total pressure was set to 1 bar, and the activity coefficient for each phase was assumed to be unity.
The result of the calculation is shown in Figure 5 , from which it is confirmed that the volatility of EuCl 3 (g) is much higher than its fluoride, oxide, or elemental vapor. The vaporized EuCl 3 (g) may then be deposited on the surface of coal fly ash particles.
Different Types of Occurrences of REEs in Coal Fly Ash Particles
The other type of REE transition is their accompaniment of blown-up ash components from the original coal. In this case, REEs were melted with ash components and distributed into the coal fly ash particles, such as quartz (SiO 2 ), mullite (3Al 2 O 3 ·2SiO 2 ), and an amorphous phase. Since coal fly ash particles appeared to be spherical and consisted of a glassy phase together with crystalline phases, such as quartz and mullite, we have assumed both types of occurrences of REEs, namely surfacedeposition and accompaniment. From this assump tion, the dissolution behavior of REEs in a dilute H 2 SO 4 solvent was fitted using the unreacted core model [28] . Coal fly ash particles were assumed to be spherical particles with uniform sizes. If we assume the occurrence of a diffusion process in the reacted layer or a chemical reaction at the surface of the unreacted core as a rate-determining step, then the following well-known rate equations are obtained.
Here, n i , t, D, C a , r, and k c denote the number of moles of unreacted element i (mol), leaching time (s), diffusion coefficient (m 2 ·s ), respectively. By integrating and rearranging Equations (2) and (3), the following well-known rate equations are obtained.
Here, a and b are defined as the inverse of the termination times of the reactions, and we can treat them as proportionality constants. Figure 6 shows the fitting results for the dissolution of lanthanum as a typical example. When we assume their dissolution is controlled by interlayer diffusion, the unreacted core model can fit the dissolution rate very well with a variance greater than 0.87. The intercepts of all of the fitting lines are non-zero. Similar trends are found in the case of the rest of the REEs considered in this study. Therefore, these fitting lines suggest two types of occurrences of REEs, i.e., in the early stages of dissolution, REEs at the surface of the coal fly ash dissolve immediately, resulting in the drastic increase in the (3(1 − f) 2/3 − 2f) value. Thereafter, REEs inside the coal fly ash particles dissolve gradually, cor-responding to the linearity of the fitting line.
The estimated transition pass of REEs through coal combustion and dissolution in H 2 SO 4 were described in Figure 7 , where the REEs were drawn as checked circle The degree of "surface-deposition" and "accompaniment" will be greatly affected by the type of the original coal and combustion conditions, including temperature, oxygen concentration, residence time, and cooling rate of coal fly ash particles, and their effects on the degree of each type of occurrences of REEs will be investigated in future work.
Conclusion
A Laboratory-scale dissolution experiments were conducted to determine REE contents in coal fly ash particles and investigate their dissolution behavior in H 2 SO 4 solvents. The REE contents were precisely determined by comparing the results with IRANT EOP, which were considered as the benchmark for accuracy. In the dissolution tests, dissolution rates of REEs increased with the temperature of the H 2 SO 4 solvent. The REE content in coal fly ash specimens completely conformed to OddoHarkins rule, and the Masuda-Coryel plots show that most of them are probably derived from the ash component of the original coal. The transition of the REEs was attributed to surface deposition and accompaniment, and the probabilities of both processes could be explained by applying the unreacted core model to the dissolution behavior of REEs from coal fly ash in H 2 SO 4 solvent.
